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1 Xxignws of future p]anclary  ] rliwi(~] Is 01’IL-  i rcducc spaccc]af[  It allsmitlcr pmvcr  ad oscil-
lator slability  rcquircmcnts to CJCC]L:lSC  ]llisii{~]~  i t)sl. (I]]ii)]tllll:itcly, Illcsc reductions can make it
impossib]c  to detect weak sig,nals fr olt] (I(”cl I ‘Tfm C’ usin[~,  ctm~cnt ions] {Icmd[]lation techniques.

‘1’hc ncw l]lock V rcccivcr bcil~p,  it I:,I:Ill(,Ld  III the 1 )ccp Space Net Itork (l)SN)  can rccovcr
suppressed carrier signals and CaII Illil i/~’ ((J!’ I IaJ’ro\41 l(mp bamlwidtl}s  as narrow as 0.1 117,,
llllfor[llllzitcl~,  OpCl”aliOllS  at vcJ”y I I?I1 J t)v,’ L I k( kil 1{1, loop lmndwidths  arc quite sensitive to spacc-
cfrafl oscillator stability. 1 mw-cosl  os~:illil[))  h pld IIncd ~i~r future nlissions can force the mc of
wiclc tracking loop bandwidths, lc;ldillj  I( 1 J (411LNI cau icr trackinp, pcrfomancx.  ‘1’his rcducccl
carrier tracking performance can, in ILII II 1[.’w1 lo a sip,tlificant incl~’asc  in required spacecraft
transmitter power.

‘1’0 illustrate this point, considcJ a sl ){i~ ~:(1 a[ I at Nlars with a ‘Lsafc ]nodc” requiring the trans-
mission oflclcmctry  through a 6 d]\ Iovf ydill ;iIitcrIIIa. 11’ a 10 1174 tracliillg  loop bandwidth must
bc usc(i, a 30 W l<l; transmiticr is ]cquil  (vi Ii I IL ,civc  an) tclcn~ctry at all at a 70 m l)ccp  Space
Network station wbcn Mars is at i[s m;ixi]l~lltn  Lllstancc lion] lard). If a 1 1 IZ banciwidtb  can bc
used, Iransmittcr power can bc rc(i IIc(d I(I (~ M) 1<1:. ‘1 ‘I]is resull is solncwhat  indcpcnclcnt  of the
data rate, as long as it is -1 () bps or 1(. s. >i]c~ the powrr  rcquiruncnt  is driven by the need to
maintain an adequate carric] SNR ]atl](’~ tlll[ b) tclc}nctlj  SNR.

‘1 his paper presents the lhcol! 1)(-II ili( i { {.IIILJ ~mt dct<ctioJl of lcry lveak signals from deep
space. It then briefly recounts tcst~ c1 I;II iIciL’1 i /il III, l)]ocli \? pc] folmallcc  witl] low cost oscillators
and in two-way cohcrcnt  operations. 1[ (OII;lIIdt; ivith p,uidc]incs fol rnissiol”l  designers.

]N’I’I<O1)(J(:’I’ 10N”

l;mm tllc time ofthc very first dcc]~ sl);(u( l[lis:l{~ns,  tc’lc(ollllll[]  lliciitiolls  design  efforts have fo-
cused  m a cmt inuing  quest for CJJC] lIIjI,l l.] <1:11 \ rates fi om ever Jli[’,hc] Mn:,cs.  ‘Jlc  capabilities
of the l)ccp  SJ~acc  Network (I)SN ) and 01 ]],’lY I ]mcm~all bavc been constantly growing, lcaclinp,
to an overall incrcasc in high ralc 11 CILI I I(II \ ( ]mbility  of tf$rclvc 01 dus of magnitmlc  from the
carJy ])ionccrs to the upcoming (’av+illi  \j)Mt(7CIi  II.

h40rc rcccntly, a ncw Ircnd is rnlct  ~1 i] lj~ l]] tl]is clii t)f “bcttcJ, ~istcl,  cl)capcr” missions, de-
signers arc finding that they can 101(’] ik~r i~) \\Ic;  data I dtrs wbi Ic st i] 1 ] ct inning adccluale  science
data to justify tlwir missions. ‘J’hc ( i:ilii(:tl  tll~).ii  ,( is (lc]]l(~]lst]:itil~p  tlmt impor(anl  science objcc-



Iivcs can bc achicvccl even with a ICJ j l{~w (Ial. ~ I ate by I)cin{’j \cr) selective about which clala  to
return and by using  data complcssi(jl~.

Gali]co  has a 4.8 m unfarlablc Jli~’11  (.;:lill iilltenna (ll(iA) that did not open properly after
launch, rcndcrin:,  it useless. (ialilcu  Itas It:d ({! make do with its S-band 1 mw (lain Antenna
(1 ,( IA) for all tclcmctry,  rcducinj] the ])11 nt Ic{i (Iata ratL bj fi~c otdus  of magnilwic. Yet this
mission is still expected 10 meet ‘) O’,!!l (JfilL ] Iiis ion objcilivm.

Ncw missions arc doing cvcrythil)j?  11)() c Ill to dccrcasc COSIS. ‘1’hcy p,cncra]ly plan to ac-
complish Ibis, in par[, by rcducin{’  spa LL HiIll ~1/c. llL)l\LYIcl,t}lIcc  Cliticalt  clc]llctryp aralllctcrs
depend on spacecraft size: antcnlla  aINJIUt L’, s!)lal  [l~)ii~ ajwltltre,  :il)d radiator aperture. l)c-
crcasing spacccral’1  size gcncrall)  m’slll~~  ill loJLtIt  tlai]sl]lit[ct ]mw(’1 and lower anlcnna  size. ‘1’0
lllakc]]lat[crs IL~()]sc,f cIvllc~vl  llissi{~ll~  al( ~t~ll:.l~lcril~~!,tlicllsc  ofllltm-Stable Oscillators, which
make it easier to receive weak si~.~,n;lls,  ‘Jl)~il  l,ilivil]f,  Iclcn)ctry  pcIfhrJnancc  requirements frc-
qucnlly  come nol from mcetinp, thr II I:IX) II I III I I (1 ;ta rwtc 11 Iroup,h aII 1 l(IA, bat from the need to be
able to rcccivc any data al all fko]ll ;I ltlw ]},}v,,t tral~slllittc] and al] l(iA over a wide range of
spacccraf[ atlitudcs  at maximum ratl~!,l’  it{~~lt  ~arllt,

‘1’able 1 sl)~\\st  llc]]lti~i]])tl]  ~l]’il)ll,~iit  itllicll lacli ofa ]] UII]IWI ()~’(iccl>  st):lcc lllissiollsarcrc-
qllilcd  toscll(lt clcl~lctryl  ol; alllltlll{l~l\ll~  Ill,il l, Ilvp,:lill:]lltcllll:\  s.llu:llclllfitcs  tllcll1l<l)ofcacll
alldlllcl)c~~vcr];l~lx  ])cnsity (l)l;l))r~c(’iiitl  ~i~l~]  cacl~  sl~acc~~iif’t  at t)]c sllrfiicc oftllccarlll.  All
numbers arc at X-band except  Galilm).  NIIL tlI II l’l;  l) at maximuln  range l~as remarkably Iittlc
variation bclwccn  most oftbcsc  missi(~tls,
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‘1’hc ])ccp Space Nctworkl co]lsisls ]} ill~ij,,llly  of tlIrcc c(]mplrxcs of Iargc an tennas  near
Canberra, Australia; Madrid, SJxlin:  ami ill [1 I( h 1 ~liavu dcscrl of (~alifm nia. ‘J’hcsc antennas were
cicsigncd and built to conlnlunicat{.  with S]: II.LXI Ifi in dcrp  space. 1 kid l)SN comp]cx  will bavc
onc 70 m :iIItcIma and IWO or more 3fl III iii II(I II I IS in 2001. X-bad rcccivc performance of tbcsc
antennas is sumlnarixccl  in ‘1’ab]c ;) l)cl(~fi  fi}r ; I )“ c]c~illioll ang,lc. (iaill {i inc]udcs  circuit and
pointing lmscs; tcmpcraturc ‘1’ inclll(lcs \\cl Ill IL* I L I Iects (95% wcatbcr),

Table 2. DSN Antenna PwfcmII::rK:c

1 XN anlcnnas  at Gold stoIIc cat  I

<;/’1’ ofthc :irraycd antcmas  is cqua

111 ml< v ltIwlcl\’l?lt

‘1’hc ncw digitfil  rcccivcr of Ibc

bc :11 ti!:it,1 [~~t bricfpcrids  of Iirl]c; :,cncral]y,  Ihc combined
I(J tlIL ;lti~liljc  G/1’ 1[ss 0.2 dl) cxmlbininp, 10ss.

)SN. tlIc I ll(~k-V  Rcccivcr,  offc]s a {~,rcal cical  more flexibil-
ity than the analog, rcccivcrs wbic]l il I (.]JI I( L’S, h40st i] I ]porta?ltl  y, tllis ncw rcccivcr offers lhc
prospmt  of usin:,  very small c.al’rirl  sy I IL’]11 ~.JI I iz:l ion l(x)])  ba]ldmridths.  ‘J’his  has been made pos-
sib]c by lhc closing ofthc phase-lcwkcd ICJJI)  afILl di{’,itiz:ltion  lvithiri  an i]]lc]lllc(liatc-f  rcq~lc]lcy
stage. ‘1’bus, lhc loop is cntircl)  (ii{~,it[[l  ili }mr,lnctc]s :IIC ]Iulncric,  ,‘III(I loop stability is much
]C S S  of a problcm. l:igurc  1 is a (iia:,ralil (Ii tiIc illod-V Rcxcivcr. At the front of tbc receiver
arc multip]c stages of analog  dowIIcoII\(I  si(lll. i ‘i]c liar[iwal c Iwcd tvitbin tbcsc stages dcpcncis
on tbc ban(i in which the downlil~i.  is oprl :IIIIIj) ‘1’hc 1 ,ocal  oscilli]t(~]s (I,.(.).) remain at a con-
stant sctlil~g  for liKY duration of a tl~lckill{l  ]I,I<\, I IIC (Ilan!lcl-select syntilcsi~,  cr is adjmtcci  before
tbc beginning of a pass to a value iIj IpI ~~l)t l;it(. j(II the ClMIIIICi  (Jtithill  the bfin(i) ofthc incoming
downlink  signal. ‘1’hc anti -a]iasinp,  i-IltCI  is I : ICL,SW  y )M LCUISOI  to san]p]il]g,, ancl tbc Automatic
Gail) ~kmtro] (A(i(;)  is a ncccssaty lJItcuI S!)I I, I (]tlill)ti~;itio]]. (’aI I icr, subcarricr  and symbol
sy]]cllr(~lli~jatic)]]  arc all pcrfmmxi  d i{:it:lll}  v, i [III II the tiip,i~al  (lCll-I()(iLll:itL)l. ‘1’ilc output  of the rc-
ccivcr is a strcaln  of sof[-quanliz(d  syIIIlti)l\, silital)ic jt)r input  to a  Vitcrbi  ciccmicr. 13inary
l’hasc-Shif[  Kcyd (13PSK)  tclcmctry  LJ1” 1)(’tll tlI residual CHI ricr and supprcsscci  carrier type are
suppor(c(i.

SmMI AhIAI ,YSIS

‘J’hc minimum l’owcr lilux 1 )cll~ily  ( 1)1’1 )) thal is icquirc(i al tllc ]cccivcr in order 10 sup-
port tclcmctry of a given bit rate is cs[illl:l~tii  i] I this sc~tio]~. I;OI tile apcr(urc anlcnnas of the
IX$N, the I’IJI) at tbc antenna is rcl:itc(i t~) tl IL’ L(I1 I rccciw~i  Sigl]iil polvcr  10 noise spectral cicmily
ratio l;. /AI()  by

) ‘, (,i’i’l))44?~,4

“A’l,  “  “’)/”-””
(1)



where A is tbc projcclcd  area [)1’ Illc iil II I..] II la f)IIto a plane that is ]Jcl pcndic.ular  to Ihc antenna
borcsight, ?]~ is tbc antenna cfficicllcy, ~ i.tll(~ccil’illg,syslclll  llc~isc  tclll]>clatlllclc  fcrcllccdto
tllc;llltclllla  fccd, al}dkis  lllcl](~ll~]]l:lll  llc{l[l~lt]ll[.  1.380( J72X1(1 2T\l’/(l17K).  lndccibc]  units,
Illclloltnmmn  constant is –228.6(lll\!’/(ll7  t< II, liquation  (1) assulncs that the antenna is cor-
rectly  pointed and that tbc incmninpj si[I, II II IS i i[culall)  polalim(l 10 nialch tbc anlcnna. ‘1’llC
I]SN al~tcl~llasalcordillarily  ~l][ili[(t~]iy~(l  111  ,iIItcI)I Ia ~l:lin  f;, lathcl than by A ancl ?)~; these
quantities arc rc]atccl  by

‘~~i:’,..  (/,

(i --’ ----- Q-
{.,

(2)

whercf’is  frequency and cis tll~’ spc.(d 01 JiIJIIl in lm[]um. ‘1 ‘J]c sul).st  ilation of equation (2) in
cquatioll  (1 ) yields tbc JNorc convclliclll  CXI)I  (.’ss {)11

1’ ( ((/1’) (1’11))-. ’ . . .
A,, ; ?[,f21<

(3)

‘J’hc minimuln l; /NO that is lt’qllilL(l It) htIj I}Kwt a p,ivcI] bit rate depends, of course, cm tllc

modulation and coding schcJncs t]lat a] c ~Iwil. i lli S Il”lil  lilllUl”]l ]; /A{} is illdcpcJldcJlt, however,

of the ]wopcrlics of tbc antenna. ‘1 bus. ;+1 llli~ ]M lilll ill tlx  analysis if is c{)lmfcnicnt  to focus at(cn-
tion 011 l; /A~t). 1 ,atcr, the antcnm (;/’1 is tal LLI I II I1 O aux)unt  lhI  oufll  cquat  ion (3) in dctcmining

lhc minimum rcquirccl power flm CIC.IISi  1>.

In this rcpoJl,  comidcration  Yvill  bc ~,il  CJ I t( two difltilcnt  (but IL.latcd)  modulation schcmcs:
residual-carrier lII)SK and suJ)prcsscd - (all ic t 1 ~ I ‘SK. WItlI  both sclw]~ Its, c~d~ binary syJnbo] to
bc mnvcyd  is im]wcsscd  upon tll~’ C:;J  I i~] 1’> il sl~ift in ])hasc of cithm ])lus or minus O radians,
depending, on whctbcr tbc symbol is [I lo~ ic:~ I OIIC 01 lo})ical  zero. 1 f this O, tbc modulation in-
clcx,  lies within the rallgc 0°< ()< ‘X){’. i) l~t,idlii)l  C:llricl  is prcscl]t. ‘J’IIc residual carrier is lbc
specular power at tbc carrier frcq[~cllf) [It It is I Iwxl Iy 11 IC rcccivcl ii)] cal rim syllcllrollixatioll.~
‘1’hc power in this residual camicr is ~) 1 I.~S’ (~, i I Ic]c l’~ is tbc total sij?,llal  ]mwcr. ‘1 ‘hc remainder

of tbc si~,na]  power, I’T sin2 O, lies ill [11.s lno{l(llation  sidcba])(is. A ,iudic.ious cboicc of the
modulation imlcx is an imporlanl  pa i (JJ’ I(l(ln(lt)’  li]lk (Icsi[!,n,  as it dctcmil)cs  tbc allocaticm  of
power to the rcsi(lual carrier and tl)t Illo({(ll  ;Ili, III sidcb:~lds. If 0 ‘ 900, no rcsiclual carrier is
present: tbc carrier is supprcssd. ‘1 lM,’ ]11111 i\ .lti~ll  fol sal)prcssingj tllc carrier is that Ibis allocates
all of the sip,nal  power to tbc mcssap,c  (at I ~i ilp idcb:lnds.  clilninatinp  tbc incfficicnc.y  associated
with divert ing soJmc of the sigq~al  ]m!~ LI 1 I.) :1 SI 1(’culal  I ~’sidwil  carjic]. \Vitll  sl~]>]>rcsscd-earlier

tclcmctry, carrier syllclllolli~jatiol  I cal I 1 )r ~1( I Ii(n {d with a lcccivcl that employs a (Iostas loop,  a
kind of phase-lockccl loop Ibat c~lla{ts  I II(. Cii I I icr ficx~ucllcy  an(l phase from tbc modulation
sidcbancis  [2”1.  l;or all but the snlf[llcs[  [CICIIIC1  IJ bil ralcs, sll]jl)]cssc(l-callicl  tclcmclry is more
cfllcimt  than residual-camicr tclctrlct  I ~. I (Ii l,. is slnall bit ralcs, I]OWCIC],  it turns out that a rc-
siclual  cfarricv with an optimiycd  n]()(iIIl:il 101) ill~i ,x is ]nc~tirmi.

OJlly onc coding sc.hcmc is con~i{i(:l~  (I it) Iilis Ic’p(lll: a concatcl]ation  of a l{cccl-SolcJmon
(255, 233) c o d e  wilb a commlutit)lml  L k If. I 1/()) cmic. .‘J’his  cmi illg, Scl-mnc  is typical of the

kincl used for clccp  space tclcmctt j.
. .



‘1’clcmctry  will be succcssftIlly  (11.11 IOL{alIIcd and dccodcd  if aIId only if two constraints
arc simultaw.mmly  met. ‘1’bcrc ma~l bc :ill {IdL’(]II:\tc cl]cl{’y pcr bit IL} noise spectral density ratio
1~,, /NO f~] tllc demdulatcci  bas~biitld  S, t])} UI\ i] ~~ dclivmxl to tl~c dcccdcrs, ad there mmt  be an

adequate signal-lo-noise ratio il] Illc  (Till  I icl IJl}:ll(-lOrkC(l  loo]). ‘1 ‘IIC scconcl constraint is nccxx-
sary since collcrcnl  dcmmlulatiml  is Ils{d, u I li~l I requires canicl  syllclllc)llixalioll. l;or the con-
catenated coding scheme comidu  c(I 1 IL’ I ~’. l!It fll [ COllSfl’iiillt  \vill 1X ll)ct  if

(4)

where l?,, is the information l)it ]al(  I I)(I )/1:, is all cfllcicllcy facto]- callccl  “Raclio  1,0ss”.

Wllcl~tllis  collstrail~t  isl~lct,  allit 111(~1 l/:tt(lIl’lOOi”lO”5  OIIMICI willbcachicvcd.  An ?~,{,,
tbatislcss  than  1 ariscslvllclltllcc:lllill  ~~lcl~{~lli~:iti(lll  isimpcrfcd. l;i:,urc2plots  ??,{,, a s a
function of phase mm variance 0(:’ i) I (1 IC C;II I if 1 plmsc-l(wkcd  loop fol the case of residual car-

rier with a 21 lx loop bandwicltb  and 1/, ‘ I fI I )1’ ., (’1’IIc T),,, CU1  w for otl)cr values of loop banci-

width and R,, arc numerical] y closr to II ii t III\ L and so arc 1)01 shown here.) ‘1’hc second  con-

straint that must bc met if Iclcmctl!  is lo IN SLILX ~’~;sfhl is

{

().1() lal;  . Rcsid[lal  (“h I ic]
o(h7 ?:

().(12 l:l:i’. ,Su])ptessul  (hrI icl
(5)

002 must bc sma]lcr for suppl css~{l  ( Ii I icl Illall  lb] residual Cal I icr because the loop  that

tracks supprcssd  carrier, tbc (M:15  loo]),” is su~cptib]c  to half. cycle slips.q ‘J’hc rcsu]t of a balf-
cyclc  slip is an imwrsion  oftbc  CiCl~){)Lllllilt(  d sj’11 Ilml stic; im. ‘1’hc phase error variance of tbc car-
rier phase-]ockcd loop generally IIas l\\tI C( IIII]K~I I(llts.

( 6 )

‘]llc first component is tbc rcsal[ 0(’ IIICI J)I(I1 II(lisc; p(. is tlw sip,ll:ll-to-ll(~isc  latio ill Illc carricl
phase-locked loop. ‘1’hc second Lf)nJ]NJIICIIl is I Ilc r(’silll  of’ phase IIoisc olI tbc arriving carrier;
0,,2 is the contributim  oftbis pl~asc Iloiw. Il.) 11~~,  I)llasc CI Ii)r ~’arianc~..

‘J’hc signal-to-noise ratio in Ilw can IL] I II I;ISt l(~ckcd ltmp is [~,ivcn I)y

wbcrc B, is the b a n d w i d t h  ol’ the lt).1]1  aI I qjl is lhc “Squarinl’  I nss”  of a Costas loop,
whi cl) is g,ivcn  by

(8)



( 9 )

‘1’hc cllcrgy ]mr symbol to noisx-  s]~cL  [1,,1 (.lrJ it y ] atio )i,~/N{l  is dcf’[ncd by

1, /; I..:. . . .
I’\’,, ,’\’, 1<,,

where r is the coclc rate.

“1’hc cent ributim  of phase I I<)is[ ‘i~) plI;I\ L.rrot valialm  (icpct)ds on Ihc qualily  ofthc os-
cillator. 11’or em-way trammissioll,  lIIC f~II:- hid d polvc] spcctliil dcllsity  of’tlm  phase noise  ,f’(, ()

typically varies as

(1 o)

in the vicinity of

number of d13c/J IZ at

J hcI17, wl)cI  t,/ is th( I ‘(III icr fIcqucIIcy. ,~, ( 1 ) is rc]atccl to the mcasurecl

1 IIZ Offscl ftt)lll (aiI ict.  (iilIott:d  11(1C 1,,(1 ).5

,Y,, (l): :’10’’’(’” (11)

‘1’hc 0(,
2 that rcsu]ts  from phase IIoiw: ui II) ,~, (f) of Ihc folm p,ivcll  in equation (1 O) is, for a

scccmd-odcr  standard undcrdamptd  pl I;IW ,l{~ul;i (1 lo(y),

( 1 2 )

l;or oscillators with a lot of’ pllasr llt~i.t il  I.,  IIcccss:IIy to il]crcasc the )1, of the rcccivcr in
order to lice]) 007 at an acccptab]c  ICIJCI 101 1 I,( IINCC oscillators uildcr consideration in this

pml, the kcy palamctcrs  arc listed i[] ‘1 LII)IL I 1 t)(ludr(i l~ithin this tab]c is the rccommcnclcd
and the rcsulling  0-,,2. l:Or IW()-I!’:IJ’  ll.il)l)li  S.l[)  1), (IIU  {Iownli]]k plIasc noise is dominated

rc-

1],,
by

p7 is the signal-to-noise ratio in Illc lt:ll~<]t)l  1(.lc ]lllaw-l(~ckcd  loop. 11s J’aluc varies widc]y from

I I,,(I  I 1 1:,
I

~,j)

Table 3: l%r:IIIII:It(>rs I?elatcxi  to (kcillatc)rs

l;igarc 3 plots lhc minimum Icqui I t’d  ): /.’i’(, that jLIst satisfies tlIc two constraints that arc

summarized by inequalities (4) ald (f ), 1 ()] C: I II of Ihc oscillators o [’ ‘1’ab]c 3, tbcrc is onc curve



~CplCSClltill~  lCIClll Cl~y  pC~fOJ’lllall  CC’ fill (~1 1’.’. \’Jil ‘, . rcsicILI; I1-c:IIIic’r transmission with that oscilla-
tor as tllc murcc  of tllC downlink  (:~lJ i(.), III ii(l’  lit ion, tlIrrc is a cur\’(’ for Iwo-way cohcrcJlt,  rc-
sidual-carrier Iransjnission wit]] py ‘ I 5 tli 1. I l;{ lalwl  “1<(;”  il] Ibr flgurc  idicatcs  rcsiciua]  car-
J’icr.  ‘1’IICI”C  is also OJIC Curve fOJ” 01 It’-\\ kl)’ , sol)]) ~,ssc(i  cal ricl (“S(:”) tcicmctry  with a llSO< ‘J’hc
lCSidllZi]  C~tl’1’iCJ’  Clll”VCS  WCIC ~CJ’lCl  ill C{! 1 I I :$ LIL’ll {1 \va)  t h a t  a t  Ca(’11  poi  111 OJI a CLlr\~C,  thC (3pti Jnum

m(xiulaticm  iJdcx is employed. III I1)L)l ill~)  I(s til ri~,llt aiollp oJIc oftilcsc  cul vcs (in tbc ciircctioJl
of larger 1{,,), the (oplinluJm)  Jm)(iulilliL~ll  il ICi I.SX + coJllillllousiy  incl~wsinj},. ]:(W SLlffiCiCJlt]y  ]al’~C

){,,, lbc fouJ rcs i ( iua]-carr ier  curves  c(mi~s~ c, II I,aninf  til;It  Iclcmclr)’  imfomancc  bccoJncs  incie-

pcncicnl of lhc oscillator phase Jwisl:, 1 l~)~’)cicl.  iin Iiw i~)w bit rates of inlcrcst  in this rcpmt, tc-
lcJllc[~y  pCJ’fOHMWICC  jS a shT)Jlg  f(lll(’lioll III lh( (!Ualit)r of {}1(’  (MCjll:d(U’. ‘1’able 4 ]ists thc JlliJli-
Jlllllll  ICqUi~CCi  ];. /N()  fC)J” )<,, ‘ 5, 10 ;IIIJ  ,J(i  i311>.  al”Id  )’ilblC  5 lists Ii)c mms]xmding  optimum

mmiulalion  imicx.  l:or the bcl(cl os~ili;ltl  II, 1]1, (1 S(), Ii)c oplilnlllll  Ji-lmiulation  index is larger
than for the pooI”cJ” osci]]ators.  ] ‘W t] IL’ ~ IS( ). a I ‘,1 cal(v  pL’J’Ccllh{IC of Iilc signs] power caJl be de-
voted to Ii)c mo(iulatioJl  sidcball(is  al~ti 1[.-s, II.) III. rcsi(iu:ti c.aJri~*l bccaasc it has bcm  possib]c  to
usc a smal!cr l;, in the rcccivcr.

.: . : ● D ::: m:

@a A m: ~ a @ ::

~‘-----”?‘::
50° .’ I,,~ (1 1 so 46’)
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Table 5 oplilwrl Modulaticm  Index

With residual-canicr lclcJllctty.  tis 1{ (l~x L’; {scs til(’  oplinlum  Jn(~(ildation  incicx clccrcascs,

Jmcaning  a greater pcrccJ]tagc  of the si})ll.11  iw~ti LJ’ is (]i\crlcci  to the l~:si(iual  carrier. ‘1’his Jnight
sug,gcsl Ilml low bit rate tclcmd  ry is ;iI I iilcd  I call(iidatc for sllj~]]lcsscci-calricr  transnlissioJl,
ironically, ~mt the rcvcrsc is Imc. At lo\, Ili[  I :)tcs tl]c mllstrainl  cxpmssccl  by incqua]ity  (5),
which  conccms  the quality  of p]lasc  io~ k i I i I Ilc cal ~’ic]’ syl)c]]l’()]lizz~ti()J-l circuit, bccoJncs  the

dominant consi(icration.  in othcl m’t}l~i’l.  Ii)l l(I\\ bit riitcs it is easy to satisfy inequality (4), so
tclcmctry  pcJformancc  is dicta(c(i  I)J \Yha;  {’I IL’S 011  ill tbc p h f i s c - l o c k e d  loop.  lln]ikc  (hxtas
loops, residual-carrier pl~asc-lockc(i it~()]) t;II)I t~t slii) ll:llf-c~rclcs  a~l(i so can bc operated with a
considerably lal-g,cr  002. IFigurc 3 si]oii’s a  (:111 \IL. f(~l ollc-way, s~q~i~i cssc{i - carricJ transmissio  Jl

with a 11 S(). l:or one-way trans!llissi(~l  I ]’,illl  {I 11S( ), rlsidua] carlicJ offers bcttcJ’  pcrfomancc



. .

.

than  supprcssccl  carrier  for ){,, <60 bps l;( II t I I( otbcl oscillators, Ilw  bjt Iak below wbicll nxid-

ual carrier is bctlcr occurs  at bit rat~’s 111:1[ al~ (Ifl llIc I i~,ht side ofl:i{’,alc 3

‘1’hc minimum required 1’1:1) is f’oll!ld  I l<ItI] tl]ualion  (3) and ‘J’al)lcs  2 an(i 4, ‘1’hc results a rc
given in ‘1’able 6. llach  cIItry in this I: IIIIC ~(ll)si.ts  of t\Yc) numlwrs  (both in units of d13W/m 2):

the first  for  a 70 m antenna and the sccf)t  Id li~I a +4 m l~ctil]l-wzt;cp,lli(lc  antenna.

5 -235.0 I -227.5 -230.~12:?2.6 -227.3 /-219.8 ..233.9 J -226.4
. — . . . . . . . . . .—. .-. — . . . . . . -.. .. —-...

10 -233.1 I -225.6 -229.31 ”2:2”’1.8 -226.8 /-219.3 -~3~.l I -224.6. — — . . . .—-. ..- . .. —-. .
20 -231.0 J -223.5 -2?-/’.9 i 220.4 -226.1 I -218.6 -230.1 I -222.6,— . ...!..- .,- .,.-. -.— .

lable6:  MinimumRec~llirt)cil’[wc:f  llLlx[lellsity, (lll\\~/]]]2  (70m/34m)

l:ip,urc  (~aplions

l:ig,urc 1: lllock-V Rcccivc]

l;i~urc  2: Radio 1 ,0ss

‘I’1;s’I’  1{1;s[11:1’s

At Ihistimc,  only preliminary tcs[ lLSI.JIIS :iIt a\ ’ailahlc. l:iaal rcsu]ts will be added  prior to
submission ofthcpapcr.

coNcl(llsION

1 )csip,ncrs of futwc  clccp  sp:icx mis>IOI IS II-III \I bc coil  l~izalll  of’ tlw fundamental limitations of
lllcl JSNtorcccivc  vcrywcak  si~,ll:lls.  Jll(yll ~[lS[cl~s\licit  (lc(l~latc(J scilliitc)rst  abilit)~,tt  al~sl~~ittcr
power and antenna gain 10 mccl  tl~c nlil]ill  11111)  1‘1 ’11 lilnils dcmlc(l ill ‘1’able 6. If they plan to usc
auxiliary oscillators in the weak si[’,[lal  11’jilllc.  II Icy IHust  be ablr  10 a(ljust Ihc modulation index
to the lCVCIS slmwn in ‘1’able 5 to ci~sul ( o] I( il I I:: pcrfo] Jn:tnc,c.

Somc\vllat  hiphcr pcrfmmanm’ tll;il I s] i{J~lIh  I I I I I ‘1’able 6 is possible by arraying multiple anten-

nas. 1 lowcvcr, current plans comlnit  to al IItiyill:’ onl>’ at the (ioldstot~r  complex, and even tbcrc

arraying should  be USCCI only on al I CX((l)!II.)1 II basjs  to ]l)inimizc  I csourcc c o n f l i c t s  bctwccn

missions.
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‘1’hc work dcscribcd  here was carlir(l  ():)1 :11 lil~. .lct l’l{)pulsit)n  1 ,almratory, (California lnslilutc
of ’lcchnolo.gy  under a contract wi(l~  tl}( Nlti[~]l  :1 Ae]on:t LItics  and Space A(lll~illistr:~tio]~.
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